Summary A simple technique for maintaining low oxygen concentrations (0.1-20%) is described. These conditions were then used to study the effect of oxygen on colony growth of neoplastic cells in soft-agar. Physiologically low oxygen concentrations (0.1-10%) compared to 20%O2 were found to enhance plating efficiency and colony size of tumour cells. The optimal oxygen concentration for plating efficiency varied with tumour studied and may be as low as 0.1%. Having established that tumour cell colonies will grow better at 0.1-10% 02 compared to 20% 02, the mechanism by which this enhancement occurs was investigated. Observations on the effect of free radical scavengers and superoxide dismutase on plating efficiency of Ehrlich's ascites tumour cells suggests that this phenomenon occurs through oxygen toxicity mediated by superoxide anion.
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Using colony formation in liquid media or in softagar as an end-point, it has been shown that colonies from normal tissue cells or malignant cells are larger and grow with higher plating efficiency (PE) in a low 02 (3-5%) atmosphere than in the conventional 20% 02 (Richter et al., 1972; Courtenay, 1976 Courtenay, , 1984 . This effect has been reported for solid tumour cells, lymphoma, lymphoblastic leukaemia stem cells, fibroblasts, granulocyte-macrophage precursors, and erythroid colony forming units (Bradley et al., 1978; Izaguirre et al., 1981; Smith et al., 1981; Gupta & Krishan, 1982; Rich & Kuanek, 1982) . The concept for use of low 02 concentration for colony formation relates to the observation that physiological 02 level in normal and tumour tissues are in the range of 2-5% 02 (15-40mmHg) and 0.1-5%02 (2-40mmHg) respectively, white arterial values are in the range of 10-15%02 (80-100mmHg) (Carter & Silver, 1960; Van den Brenk, 1964 and 1965;  Kolstad, 1968; and Vaupel et al., 1981) .
We have studied the effect of 0.1-20% oxygen concentration on plating efficiency of tumour cells since an optimal oxygen concentration or a lower limit under which tumour cells can be cultured as colonies has not been defined. The mechanism by which oxygen enhances or regulates colony growth of tumour cells is not known. Oxygen is known to be converted intracellularly to superoxide anion and hydrogen peroxide. Protection against these toxic compounds is mediated by superoxide dismutase, peroxidase and/or catalase, respectively. The toxic effects of superoxide anion are, in general, secondary to formation of hydroxyl radicals, overwhelming the cellular level of reducing substances, and through the formation of lipid peroxides (Halliwell, 1978 (20%02, 5% CO2, 75% N2); (10% 02, 5% C029 85%N2); (5%°02 5%C02, 90%N2); (1%02, 5% Co2, 94% N2); and (0.1% 02, 5%CO2, 94.9% N2).
The accuracy of the gas mixtures was independently confirmed by a mass spectrometer. The chambers were flushed with the respective gas mixture at flow rates of 4-61 min-1 for 0 min (5-7 gas exchange volumes), and placed in 37°C incubator. The stated°2 atmosphere was maintained in the incubation chambers by flushing the 0.1% and 1% 02 chambers every 24 h, while the other 02 atmospheres were stable for periods of up to 7 days. The upper limit of 02 levels which could be maintained in incubation chambers for 20, 10, 5 The effect of oxygen concentration on colony size was quantitatively studied with EAT cells. The cells were plated as described and colony diameter evaluated at 100 x magnification using a micrometer scale. The colony size (gm) of 20-50 colonies was measured and expressed as mean + s.e.
Pathways of oxygen toxicity were evaluated with EAT cells as follows: EAT cells were incubated with superoxide dismutase and catalase (Sigma Chemical Co.) at enzyme activities of 0-150pml-1 either continuously or for a 2h exposure time. The effect of these enzymes was used as an index of superoxide anion and hydrogen peroxide toxicity respectively. EAT cells were also treated with diethyldithiocarbamic acid (DDS), an inhibitor of superoxide dismutase for a continuous or a 1 h exposure time in concentration range of 10-4-10-7 M. Dimethyl sulphoxide (DMSO) and mannitol were used as hydroxyl radical scavengers, Vitamin E (Vit E) as an inhibitor of lipid peroxidation while 2-mercaptoethanol (2-ME) and reduced glutathione (GSH) were used to evaluate the effects of reducing substances. EAT cells were treated continuously with these compounds in the concentration range of 10-3-10-6M. The cells were plated in agar and dishes were incubated at oxygen concentration indicated and colonies counted as described before.
Results Figure 1 indicates that for the EAT cells colony growth was not observed at 20% 02. There was a progressive and significant increase in the PE at the lower 02 concentrations reaching optimal values in the 0.1-1% 02 range. In two experiments performed in glass Petri dishes the PE at 0.1-1% 02 was similar to that using plastic dishes. Therefore, plastic dishes were uniformly used in all the experiments reported. The effect of oxygen on PE of EAT cells was seen at cell densities of 5 x 102-104 cells/dish. concentration for PE appears to vary with the individual tumour. However, significant growth was seen at all 02 concentrations. The effect of oxygen concentration on colony size is shown in Figure 2 . There was a 1.5 fold increase in colony diameter of the EAT cells at 0.I-I%02 compared to 10%02. Colony sizes of the solid tumour cells were also larger at the lower 02 concentrations than at 20% 02 although they were not quantitated.
The effect of various free radical scavengers on PE of EAT cells is shown in Tables II and III. These data indicate that anti-oxidants 2-ME and GSH were effective in enhancing PE of EAT cells while DMSO, mannitol and Vitamin E were without any effect. Similarly, catalase was without any effect on PE of EAT cells while superoxide dismutase enhanced PE significantly. A 2 h exposure of superoxide dismutase was almost as effective as a continuous incubation of the enzyme. Superoxide dismutase boiled for 1 h had no effect on PE. The enhancement of PE of EAT cells by superoxide dismutase, 2-ME, and GSH was observed at 20%02 as compared to 1% 02. DDS, an inhibitor of superoxide dismutase, decreased PE of EAT cells (Table IV) Catalase at the above 02 concentrations and enzyme acticities had no effect on PE.
Boiled superoxide dismutase was without any effect on PE. Vitamin E, DMSO and mannitol (106-610-iM) had no effect on PE at 20 or 1% 02. 
Discussion
It is not easy to maintain low oxygen atmospheres for long periods of time because of diffusion of oxygen between chambers and the atmosphere and/or problems related to dissolved 02 in plastic materials (Chapman et al., 1970; Richter et al., 1972; Bradley et al., 1978) . Therefore, in the current studies considerable amount of time was devoted to maintenance of the proper range of 02 concentrations by measuring 02 in chambers used with a mass spectrometer. We were unable to demonstrate differences in colony growth at 0.1-1%02 using glass vs. plastic dishes. Therefore, it is unlikely that oxygen dissolved in plastic dishes influenced the results at low oxygen concentrations of 0.1-1% on PE of EAT cells. Our observations indicate that it is possible to minimize factors affecting 02 levels at low 02 in the chambers by gassing the chambers more frequently and thereby maintain a low 02 atmosphere within reasonable variation.
Oxygen gradients have been reported to exist in liquid media and agar on both theoretical and experimental considerations (Osgood & Krippaehne, 1955; McLimans et al., 1968; Boag, 1969; Ganfield et al., 1970) . These gradients are influenced by rate of oxygen diffusion, depth and cell consumption of 02. The latter is a function of the number of cells present per given unit area and takes into account local 02 depletion due to cellular metabolism. The problem of local oxygen depletion due to cellular consumption has been described in detail (Boag, 1969; Whillans & Rauth, 1980; Courtenay, 1984) . Considerations by these workers would suggest that work at low 02 concentrations should be performed at low cell densities (as done in the present study) and should take into account the geometry or surface area and depth of the culture dish. The reader is referred to the quoted references for detailed information regarding theoretical and mathematical forms of the necessary equations relating to 02 diffusion theory. The assumption that has been made with the above discussion as it pertains to our experimental work is that there is equilibration between experimental oxygen atmosphere and agar. We have experimentally confirmed using oxygen electrodes that such an equilibration is complete within 24h (unpublished observations). Interestingly, the measured respiratory rate of cells is half maximal at 0.01-0.1%02 and maximal by 1-2%02 (Froese, 1962; Boag, 1970; and Wilson et al., 1979) . These values are also in accord with attempts to measure intracellular 02 levels (0.1-1%02) in muscle cells (Whalen & Nair, 1967) . Because of 02 gradients in agar it is possible that tumour 02 microenvironment is less than the lowest 02 used (0.1%). We have also been successful (data not shown) in culturing the EAT tumour cells as colonies on glass and plastic Petri dishes at 0.01% 02 using a continuous flow of oxygen technique.
Using a spheroid cell model to simulate in vivo tumours it has been shown that necrosis may be seen at pO2 of 40-60 mm Hg for spheroids grown at 20% 02 (Mueller-Klieser & Sutherland, 1982) . Data from present study may be of relevance to our understanding of tumour necrosis and suggests that 02 concentrations may have to be less than 0.1% for tumour necrosis to occur since colony growth is observed at 0.1% 02. Since the present in vitro experiments of cell colony growth are designed under conditions of low cell density where nutrition is not an important factor it is possible that in vivo (where cell crowding and high cell density conditions may exist) nutrition may be a more important contributing factor in the development of necrosis.
The studies in Figure 1 and Table I show that the effect of oxygen concentration on colony growth is heterogeneous. In general, higher PE was seen at the lower 02 concentrations 0.1-10% 02 than at 20% 02-For some tumours (EAT and gastric carcinoma xenograft) the optimal 02 concentration for PE was 0.1-1% 02. This oxygen concentration range also had larger colonies than the higher oxygen levels for EAT cells. The colonies from solid tumour cells were also noted to be visibly larger at the lower oxygen concentrations compared to 20% 02. The enhancement ratio in PE of solid tumour cells at 20% 02 as compared to the lower 02 are similar to that reported by other workers for normal and tumour cells (Courtenay 1976 (Courtenay , 1984 Bradley et al., 1978) . These observations confirm and extend previous reports on the effect of oxygen on colony size and PE of tumour cells (Courtenay, 1976 (Courtenay, , 1984 Gupta & Krishan, 1982) . The effect of oxygen on colony size may be quite important for cell survival assays of radiation effect since large colony size appears to be a better indicator in reproducing exponential cell survival curves than a small colony size. This, in addition, may be of relevance for drug cell survival assays.
Although oxygen can be toxic at higher than physiological concentrations, the mechanism by which oxygen regulates colony formation of cells in vitro is not well understood. We and others have hypothesized that oxygen toxicity may be important in regulation of colony growth of tumour cells. However, direct experimental evidence has been lacking. The data presented in Table II for the first time (to our knowledge) provide experimental evidence of the protective role of superoxide dismutase against toxic effects of superoxide anion at higher than physiological oxygen concentrations on EAT cell colony growth. Non-specific effects of superoxide dismutase were excluded by the observation that heat inactivated superoxide dismutase had no effect on PE of EAT cells.
Superoxide anion is reported to cross cell membranes (Lynch & Fridovich, 1978) and hence a gradient of superoxide anion may be formed between the intracellular and extracellular compartments. This gradient would result in intracellularly generated superoxide anion being shifted extracellularly. Therefore, the protective effect observed with superoxide dismutase may occur either intracellularly or with the dismutation of superoxide anion extracellularly. Protection extracellularly may also occur at the level of the cell membrane. The observation that a 2 h incubation with superoxide dismutase and washing out excess enzyme was effective as was a continuous exposure in overcoming the toxic effects of 20% 02 suggests that superoxide dismutase may be capable of functioning extracellularly at the cell membrane or that some superoxide dismutase enters the cell as suggested by Petkau et al. (1982) .
Differences in endogenous superoxide dismutase levels and type between murine and human tumours (Sahu et al., 1977; Oberley & Buettner, 1979; Marklund et al., 1983 ) may help to explain the quantitative differences observed with the effect of oxygen level in regulating PE of tumour cells. Endogenous superoxide dismutase levels may be important in overcoming oxygen toxicity as suggested by the observation that DDC, an inhibitor of superoxide dismutase, decreased EAT cell survival at 0.1 and 10% 02 in a dose and time dependent manner. This effect of DDS was observed at low concentrations. In a preliminary experiment we were able to demonstrate that DDC does inhibit the superoxide dismutase activity of EAT cells treated for 1 h. However, it is not clear from the data at 0.1 and 10% 02 whether this effect of DDC is a specific or non-specific effect, since differences in cell survival were not seen.
The antioxidants, 2-ME and GSH are known to react directly with superoxide anion (Asada & Kanematsu, 1976) . Data presented in Table III suggests that these compounds also afford protection against toxic effects of 20% 02 on EAT cell colony growth. In the biological system under study, it is difficult to exclude non-specific effects of these antioxidants. The observations are, however, consistent with the biological function of these agents. Although it is generally thought that GSH does not cross the cell membrane (Meister, 1983) , some recent data concerning the effect of GSH on radiation sensitivity raises the possibility that GSH may enter cells (Hodgkiss & Middleton, 1983) . Therefore, the effects of GSH on PE of EAT cells may occur either intracellularly or extracellularly. The formation of hydrogen peroxide, hydroxyl radicals and lipid peroxidation did not appear to be of major importance since chemical scavengers of these reaction products did not influence EAT cell colony formation. These data with EAT cells are similar to the results reported for the beneficial effect of GSH at 20% 02 on erythroid colony forming units (Rich & Kuanek, 1982) and oc-thioglycerol on granulocytic precursors (Bradley et al., 1978) . The results with EAT cells are different from that reported for beneficial effect of Vitamin E on erythroid cells (Rich & Kuanek, 1982) .
It is possible that the end reactions of superoxide anion may be modulated by endogenous cellular levels of reducing substances, Vitamin E, peroxidase, catalase, and superoxide dismutase and may vary with cell type. The smaller increases in PE seen with human tumour cells compared to murine tumour cells may also be a function of the culture conditions since the Hamburger and Salmon assay has a number of anti-oxidants such as pyruvate, Vitamin C, and 2-ME.
In conclusion, these studies indicate that it is possible to grow clonogenic cells in vitro under conditions of physiologically low oxygen concentration (0.1-10%). Oxygen concentrations less than 20% enhance tumour cell plating efficiency and colony size. The optimal oxygen concentration for plating efficiency varies with the tumour studied and may be as low as 0.1 %. Oxygen regulates plating efficiency of tumour cells through oxygen toxicity mediated by superoxide anion. 
